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(54) Deep native oxide confined ridge waveguide semiconductor lasers 



(57) A ridge waveguide semiconductor laser struc- 
ture fabricated by etching and wet oxidation. The upper 
cladding layer is partially etched fomvng a ridge and a 
native oxide layer is wet oxidized from the remaining 
upper cladding layer and the active region outside the 
ridge. The deep native oxide layer provides strong opti- 
cal confinement to the ridge waveguide. Alternately, the 
active region can be narrower than the ridge waveguide 
in the laser structure. The ridge waveguide semiconduc- 
tor laser structures with native oxide layers can also be 
curved geometry lasers such as ring lasers. 
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Description 

[0001] This invention relates to a ridge waveguide 
semiconductor laser and, more particularly, a ridge 
waveguide semiconductor laser using a deep native 
oxide layer formed from the. upper cladding layer and 
the active layer of the semiconductor laser structure for 
optical confinement and electrical isolation. 
[0002] Solid state semiconductor lasers are very 
desirable light sources for high speed laser printing, 
optical fiber cdmmunications and otiier applications. A 
common laser structure is a so-called "edge emitting 
laser" where light is emitted from the edge of a mono- 
lithic structure of semiconductor layers. 
[0003] A ridge waveguide can form the lateral optical 
confinement structure for the semiconductor laser and 
thus the ridge precisely defines the origin of the edge 
emission of light from the semiconductor laser. A ridge 
waveguide is typically a small ridge of semiconductor 
material with a generally flat upper surface and sloped 
sidewalls on top of the active semiconductor layer in a 
semiconductor laser structure. 

[0004] One method of forming a ridge waveguide is to 
etch away a portion of the upper cladding layer of the 
epitaxialiy deposited semiconductor layers of the laser 
structure, leaving a narrow ridge of the dadding layer 
material to define the lateral ridge waveguide. The par- 
ticular geometry of the ridge depends upon the etching 
means. Chemical etching tends to form sloped walls to 
the ridge whereas ion beam etching tends to create 
straight sidewalls. In addition, ion beam etching can cre- 
ate walls with a controlled slope. 
[0005] Another method of forming a ridge waveguide 
is to disorder portions of the upper cladding layer by 
impurity diffusion. This impurity induced layer disorder- 
ing (lILD) causes an Intermixing of elements in the dis- 
ordered regions of the cladding layer, lowering the Index 
of refraction compared to the undisordered regions. A 
central undisordered region between adjacent disor- 
dered regions forms the lateral ridge, index-guided, 
waveguide. Index guiding refers to the use of variations 
In the optical index of refraction between semiconductor 
layers of different materials to provide for a waveguide 
to optically confine the emission of light from one of the 
semiconductor layers. 

[0006] Generally, formation of native oxides in a laser 
is an important step to achieving good electrical and 
optical confinement In the structure. 
[0007] Under the "surface-oxidation" approach, a cap 
QaAs layer is placed above a thick AIQaAs layer with a 
high aluminum content, which is deposited akxsve the 
active layer of a laser structure. Under this "surface-oxi- 
dation" approach, the surface of tiie sample is first pat- 
terned with silicon nitride, protecting and exposing parts 
of the GaAs cap layer. The exposed GeiAs areas are 
then removed by chemical etching exposing the surfoce 
of tiie underlying AIGaAs layer which has a high alumi- 
num content. The sample is tiien oxidized in water 



vapor where the oxidation in the AIGaAs layer proceeds 
downwards from the surface until it reaches the active 
layer which has a lower aluminum content. Since the 
active layer has a lower aluminum content, the oxidation 
5 process essentially stops when it reaches the active 
layer, providing electrical and optical confinement to the 
laser structure. 

[0008] Another approach towards forming oxides is a 
so-called "burled-layer" oxidcition approach. Under this 
10 approach, an AlAs layer is placed above and below the 
active layer of a laser structure. Then, grooves are 
etohed, forming an exposed stripe mesa structure 
between the grooves. As a result of the etehing, the 
AlAs layers sandwiching the active layer are exposed 
IS along the sidewalls of the mesa. During an oxidation 
process, these AlAs layers are oxidized laterally from 
the sidewalls of the mesa inwards towards the center of 
the mesa. However, other layers in the structure remain 
essentially unoxidlzed since their aluminum content Is 
20 lower. The oxidized AlAs layers reduce the effective 
refractive index of the regions both above and under- 
neath them, providing lateral electrical and optical con- 
finement to the sandwiched active layer. 
[0009] The key disadvantage of tiie "buried-layer" 
25 approach is the difficulty in controlling the amount of oxi- 
dation. Because the oxidation rate of AlAs or AIGaAs 
with a high aluminum content depends upon aluminum 
composition and process variations, any variation In alu- 
minum composition or process parameters will be 
30 reflected by changes in the oxidation rate, which in turn 
creates uncertainty in the amount of oxidation. The 
process is relatively temperature-sensitive. Therefore, 
when such a technique is applied to forming lasers, the 
devices typically have manufocturabiiity and yield prob- 
es lems. 

[0010] Accordingly, there is a need for a ridge 
waveguide semiconductor laser with a native oxide layer 
providing optical confinement. 

[0011] The present Invention provides a ridge 
40 waveguide semiconductor laser structure fabricated by 
etohing and wet oxidation. The upper cladding layer is 
partially etched forming a ridge and a native oxide layer 
Is wet oxidized from the remaining upper cladding layer 
and the active region outside the ridge. The deep native 
45 oxide layer provides strong optical confinement to the 
ridge waveguide. 

BRIEF DESCRIPTION OF THE DFtAWINGS 
so [0012] 

Rgure 1 Is a cross-sectional skJe view of the semi- 
conductor layers of the ridge waveguide laser struc- 
ture of the present invention. 
55 Rgure 2 is a cross-sectional side view of the semi- 
conductor layers of the ridge waveguide laser struc- 
ture of the present invention after etching and wet 
oxidation. 
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Figure 3 is a graph of the oxidation thickness versus 
inverse temperature for several semiconductor 
materials. 

Figure 4 is a aoss-sectlonal side view of the ridge 
waveguide laser structure of the present Invention. 
Figure 5 is a graph showing the power-current 
curve of the ridge waveguide laser structure of Fig- 
ure 4. 

Figure 6 is a graph showing the CW spectrum of the 
ridge waveguide laser structure of Rgure 4. 
Figure 7 is a graph showing the beam profile of the 
ridge waveguide laser structure of Figure 4. 
Figure 8 is a cross-sectional side view of a second 
emtxxiiment of the ridge waveguide laser structure 
of the present invention. 

Figure 9 is a cross-sectional side view of a ridge 
waveguide ring laser structure of the present inven- 
tion. 

Figure 10 is a graph showing the lateral far-field 
divergence angle versus the ridge width of the ridge 
waveguide laser structure of Figure 3. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0013] Rgure 1 illustrates an semiconductor laser 
structure 100 fabricated by wet oxidation of the upper 
cladding layer and active layer to form a ridge 
waveguide with a native oxide layer in accordance to the 
present invention. 

[001 4] As shown In FIG. 1 , an n-type Alo.5lno.5P lower 
cladding layer 104 is grown on an n-type GaAs sub- 
strate 102 using a well-known epitaxial deposition proc- 
ess commonly referred to as metal-organic chemical 
vapor deposition (MOCVD). Other deposition proc- 
esses such as liquid phase epitaxy (LPE), molecular 
beam epitaxy (MBE), or other known crystal growth 
processes can also be used. The aluminum nfK>le frac- 
tion and doping level of the lower cladding layer 104 
range from 50 percent and 1 to 5 x 10^^ cm"^ respec- 
tively. The thickness of the AllnP cladding layer 104 is 
approximately one micron (^m). The doping level of the 
n-type GaAs substrate 102 is approximately 5 x lO*"® 
cm"^ or higher. Although not illustrated, a buffer layer 
may be deposited prior to the deposition of the lower 
cladding layer 104 In the event that lower throughputs 
are acceptable. 

[001 5] Above these layers is an undoped Alo.4Qao.6As 
lower confinement layer 106, which has an aluminum 
content of about 40% and a thickness of about 120 
nanometers. After this lower confinement layer 106 has 
been deposited, a GaAs active layer 108 is deposited, 
which should result in a light emission at 840 nanome- 
ters. The active layer 108 may be a single quantum well, 
a multiple quantum well, or a layer with thickness 
greater than that of a quantum well. The thickness of a 
quantum well typically ranges from five to twenty 
nanometers. Above the active layer 108 is an undoped 



Alo.4Gao.6As upper confinement layer 110. The alumi- 
num content of this confinement layer 110 is typically 
40% and a thickness of about 120 nanometers. The 
lower and upper confinement layers. 106 and 110, 
5 together with the active layer 106. generally produce a 
laser structure with a lower threshold current and a 
smaller optical divergence. 

[0016] After the upper confinement layer 110 has 
been formed, a p-type Alo.5lno.5P upper cladding layer 

10 112 of atx>ut one micron is deposited. Typically, this 
cladding layer 1 1 2 has an aluminum content of 50% eind 
a magnesium doping level of 5 xlO^® cm*^. Upon the 
upper p-type AI0.5lno.5P cladding layer 112 is a 
Gao.5lno.5P layer 114, which typically has an aluminum 

IS composition of 40%, a thickness of 50 nanometers, and 
a magnesium doping level of approximately 5 x lO""® 
cm'^. This GalnP layer 1 14, along with a p+-GaAs cap 
layer 116 deposited on the GalnP layer 114. facilitate 
the formation of ohmic contacts to the laser structure. 

20 The p+-GaAs cap layer 1 1 6 is typically 1 00 nanometers 
with a magnesium doping of 1 x 10^® cm"^. 
[001 7] After all the semiconductor layers of the semi- 
conductor structure 100 shown in Figure 1 have been 
deposited, a silicon nitride stripe 200 is formed on the 

25 upper surface 1 18 of the semiconductor structure by a 
photolithographic process. The silicon nitride stripe is 4 
microns wide and runs lengthwise down the surface 1 1 8 
of the semiconductor structure. 

[0018] As shown in Rgure 2, the semiconductor struc- 

30 ture 100 is etched in the areas 202 on either side of the 
silicon nitride stripe to form grooves 204. The grooves 
are etched by a process such as reactive ion etching 
which provides for the formation of a deep depression 
with angled sidewalls. The groove 204 is etched through 

35 the GaAs cap layer 116. through the GalnP layer 114, 
and partially through the Alo5lno.5P upper cladding 
layer 112 to a depth of 800 nanometers leaving 200 
nanometers of the upper cladding layer 1 12 remaining 
on the upper confinement layer 110. 

40 [001 9] After the formation of the grooves with the sili- 
con nitride stripe 200 remaining on the surface, the 
semiconductor structure 100 undergoes a wet oxidation 
step. The structure is typically oxidized with water vapor 
in a nitrogen environment at elevated temperatures, in 

45 excess of SSO^'C for approximately 4 hours. During the 
oxidation process, the remaining upper cladding layer 
112 shown in Figure 2 is exposed to tiie ambient 
through the grooves 204. Thus, the upper cladding layer 
112. which comprises of AllnP with a high aluminum 

so content, is oxidized radially outwards from each of the 
grooves into a native oxide layer 206. 
[0020] During the wet oxidation, the remaining 
Alo.s'no.sP upper cladding layer 1 12 outside the silicon 
nifride stripe 200 is oxidized first, then the active region 

55 of the upper Alo.4Gao.6As confinement layer 110, the 
GaAs active layer 108 and the lower AI0.4Gao.6As con- 
finement layer 106 outside the silicon nitHde stripe 200 
are oxidized. 
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[0021 ] An AIo.5lno.5P semiconductor material oxidizes 
much slower than AixGa^xAs (x>0.4) semiconductor 
material, as shown in Rgure 3. Utilizing the selective 
oxidation of Alo.5lno.5P (slower oxidation) and AIGaAs 
alloys (faster oxidation), ridge waveguide laser struc- 
tures with deep native oxide layers can be fabricated by 
oxidizing through the AIGaAs/GaAs active region with- 
out pinching off the p-Alo.5lno.5P cladding region. The 
oxidation rales are alloy deperident with the phosphide- 
base alloy oxidizing more slowly than the arsenide-base 
alloy. 

[0022] It is impossible to form such a deep native 
oxide layer ridge waveguide structure by a simple oxida- 
tion step in a regular AIGaAs infrared laser structure, in 
which AlxGai.xAs (x>0.7) is used in the p-dadding layer. 
Because an AIGaAs alloy with the Al composition over 
70% oxidation oxidizes at a rate much faster than 
Alo.4Gao.6As used in the active region, the p-cladding 
layer would be pinched off and totally oxidized first. 
[0023] Upon completion of oxidation as shown in Fig- 
ure 2. the silicon nitride stripe te removed. The native 
oxide layer 206 has been formed from the Alo.5lno.5P 
upper cladding layer 112. the AI0.4Gao.6As lower con- 
finement layer 106. the GaAs active layer 108. and the 
AI0.4Gao.6As upper confinement layer 110 not covered 
by the silicon nitride strip. 

[0024] The remaining unoxidized Alo.4Gao.6As lower 
confinement layer 106, GaAs active layer 108, and 
Alo.4Gao.6As upper confinement layer 110 form the 
active region for light emission as shown in Figure 4. 
The remaining unoxidized Alo s'^o sP uppa^ cladding 
layer 1 1 2 forms the ridge waveguide 208 for optical con- 
finement of the light emitted from the active region. 
[0025] The ridge waveguide 208 is index-guided. The 
index of refraction of the native oxide layer 206 is 
approximately 1.6. the index of refraction of the active 
region 106, 108 and 110 is about 3.2 and the index of 
refraction of the AllnP ridge waveguide 208 is approxi- 
mately 3.0. The differences in indices of refraction pro- 
vide a strong optical confinement of the light emitted by 
the active region by the ridge waveguide. 
[0026] The native oxide regions 206 also improve the 
current confinement ability of the laser structure and 
severely limits current spreading. 
[0027] The kXHjndaries between the active region, the 
ridge waveguide and the native oxide layers are rela- 
tively snrKKrth and sharp as they are defined by an epi- 
taxial growth process and a photolithography process. 
The spacing between the oxide regions 206 are control- 
led by using a photolithography mask and etch process. 
Since the photolithography process has a high degree 
of accuracy, the spacing tjetween the oxide regions 206 
can be minimal. Also, since these oxidized regions are 
defined after the epitaxial process has been completed, 
this approach allows for a high degree of process flexi- 
bility. 

[0028] After the oxidation process, metal contacts 216 
and 218 are formed on the surface and the bottom side 
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of the substrate respectively for biasing the laser, as 
shown in Figure 4. The upper electrode 216 can cover 
just the contact layers 1 14 and 1 16 or. as shown in the 
Figure 4. extend down the ridge to partially cover the 
5 electrically insulating native oxide layer 206. A typical 
material used for forming the contacts is a titanium/gold 
bilayerfilm. 

[(K>29] The laser structure 1 00 has a 250 ^m long cav- 
ity, extending lengthwise in the semiconductor structure 

10 1 00. and is coated with a high reflection dielectric mirror 
stack (R > 95%) on the rear facet (not shown) and a 
passivation layer (R - 25%) on the front or emission 
facet {also not shown). The laser structure 100 has a 
CW threshold current of 3.5 mA and a differential quan- 

15 tum efficiency of 35%^cet. The L-l curve is shown in 
Rgure 5. The output spectrum at 9 mA is shown in Fig- 
ure 6. The beam profile was studied using a beam pro- 
filer. A single peak was observed along the lateral 
direction when the driving current is less than 1 1 mA. As 

20 the driving current was increased, twin peaks were 
observed as shown In Rg. 7. For single transverse 
mode operation, the ridge width needs to be less than 1 
^m from waveguide mode calculations. 
[0030] The native oxide layers also provide good heat 

25 dissipation. The native oxide layers have excellent tfier- 
mal conductance of 30 W/km. which is five times better 
tiian the AllnP of the cladding layer and waveguide and 
twice higher than that of GaAs cap layer. Since ttie laser 
elements have low threshold and high efficiency, ttie 

30 tiiermal cross-talk anx)ng adjacent laser diodes is 
expected to be small. 

[0031] In the second embodiment of the ridge 
waveguide semiconductor laser structure 300 of Figure 
8, the semiconductor layers, the etching process and 

35 tiie wet oxidation process are all tiie same as with tiie 
rkJge waveguide semiconductor laser structure 100 of 
Figure 4. except tiie etch is deeper laterally into the 
active region than the upper cladding layer. 
[0032] The sidewalls 302 of the upper cladding layer 

40 112 are etched tiie same. The sidewalls 304 of tiie 
upper confinement layer 110, the active layer 108 and 
tiie lower confinement layer 106 are etched deeper lat- 
erally. Accordingly, after wet oxidation, the native oxide 
layer 206 extends deeper laterally into tiie active region 

45 of the upper confinement layer 1 10, the active layer 1 08 
and the lower confinement layer 106 than tiie upper 
dadding layer 112. Thus, the active region is nan-ower 
tiian tiie ridge waveguide 208. A narrower active region 
reduces the threshold current and reduces the higher 

50 order modes by increasing the loss for the higher order 
modes while maintaining a low loss for the fundamental 
modes. 

[0033] The semiconductor laser structure 400 of Rg- 
ure 9 is a ring laser. The semiconductor laser structure 
55 400 is tiie same structure as tiie ridge waveguide semi- 
conductor laser structure 100 of Rgure 4 or the same 
structure as the ridge waveguide 300 of Rgure 8, except 
that the active region of the upper confinement layer 
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110, the active layer 108 and the lower confinement 
layer 106. the upper electrode 216 and the ridge 
waveguide 208 are curved 402. The other semiconduc- 
tor layers of the ridge waveguide semiconductor laser 
structure can be curved but it is not essential. 
[0034] The curved path 402 of a ring laser makes opti- 
cal confinement very difficult. It is only when the differ- 
ences of the indices of refraction are very large, as with 
the ridge waveguide 208 of the present invention, that 
light can be internally reflected along a curve path to be 
emitted by the laser. 

[0035] There are several advantages to using the wet 
oxidation technique for the fabrication of monolithic 
laser structures. Wet oxidation will replace the etching 
and regrowtfi approach used for defining buried ridge 
waveguide laser structures, leading to higher yield and 
better diode performance. Strong optical confinement 
will enable the fabrication of narrower stripe lasers and 
curved geometry lasers (such as ring cavity lasers). It is 
possible to fabricate very closely spaced edge emitting 
laser arrays using narrower stripes. Larger lateral index 
step also means larger lateral diffraction angle for a nar- 
rower stripe. This could shape the output beam profDe 
to be more symmetric, more suitable for optic-fiber cou- 
pling and other applications which require a more circu- 
lar beam shape. 

[0036] The far field divergence angle of the fundamen- 
tal mode is calculated as a function of the width of the 
active region, as plotted in Figure 10. When the active 
region is 1 ^m wide, the lateral far field divergence angle 
is 48**, close to the perpendicular far field divergence 
angle. Thus, it is possible to make the output beam cir- 
cular by making the oxide stripe width small. 
[0037] Another benefit of using Alo.5lno.5P alloy for the 
cladding layer is that AllnP has a much larger bandgap 
that AlGaAs. Infrared lasers with AllnP cladding layers 
will have a smaller leakage current at higher operating 
temperatures than all AlGaAs lasers. 
[0038] Although the laser structure consists of 
AllnP/AIGaAs alloys, the ridge waveguide semiconduc- 
tor laser with native oxide layers of the present invention 
would work with other semiconductor materials such as 
lno.5(AlGla)o.5P/AIGaAs to cover lasing wavelengtii from 

0. 7 to 1 nm. 

[0039] The composition, dopants, doping levels, and 
dimensions given above are exemplary only, and varia- 
tions in these parameters are permissible. Addrttonally, 
other layers in addition to the ones shown in the figures 
may also be included. Variations in experimental condi- 
tions such as temperature and time are also permitted. 

Claims 

1. A ridge waveguide semiconductor laser cornpris- 
ing: 

a substrate; 

an n-type first cladding layer formed on said 



substrate; 

a first confinement layer, an active layer, and a 
second confinement layer forming an active 
region on said first cladding layer; 

5 a ridge waveguide formed from a second clad- 

ding layer formed above said active region, 
said ridge waveguide providing optical confine- 
ment for light emission from said active region, 
said ridge waveguide being defined by native 

10 oxide layers formed in grooves, said native 

oxide layers being formed from said second 
cladding layer and said active region; and 
first and second electrodes which enable bias- 
ing of said active region. 

IS 

2. A ridge waveguide semiconductor laser according 
to claim 1 wherein said second cladding layer has a 
slower oxidation rate than said active region. 

20 3. A ridge waveguide semiconductor laser according 
to ciainns 1 or 2 wherein 

said first cladding layer formed on said sub- 
strate is an n-type Alo.5lno.5P layer formed on 
25 said substrate; 

said first confinement layer is an undoped 
Alo.4Gao.6As layer, 

said active layer is a GaAs active layer, 
said second confinement layer is an undoped 
30 Alo.4Giao.6As layer forming an active region on 

said first cladding layer, and 
said second cladding layer forming said ridge 
waveguide is formed from a p-type Alo.5lno.5P 
layer. 

35 

4. The ridge waveguide semiconductor laser of any of 
Claims 1 to 3 wherein said ridge waveguide layer is 
curved. 

40 5. The ridge waveguide semiconductor laser of any of 
claims 1 to 4 wherein said native oxide layers com- 
prise a native oxide of an aluminum-containing 
semiconductor material. 

45 6. The ridge waveguide semiconductor laser of any of 
claims 1 to 5 wherein said active region underneath 
said ridge waveguide is narrower than said ridge 
waveguide. 
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